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ABSTRACT. A critical problem in the application of metal matrix composites
is the presence of high residual thermal stresses induced during the
development process. These thermally induced stresses are generally
detrimental to the service life of this type of composite. This article discusses
the influence of maximum residual stresses on the intensity factor. The results
interpreted in terms of damage, allowed us to identify the risk zones;
characterized by a significant level of maximum residual stresses (S11Max, S22Max,
S33Max), namely the particle/Matrix interface.
The results also show that the loading conditions and the inter-distance
between matrix and particle with two interfacial cracks have an important
effect on max residual stresses and stress intensity factors.
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INTRODUCTION

T

oday, Metal Matrix Composite materials (MMC) are highly concerned materials in engineering applications mainly
because of their mechanical properties and characteristics in general, these materials often have very high specific
rigidity, strength and low density.
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However, during the planning of the composites at relatively high temperatures, residual stresses arise during the process
of cooling these temperatures to room temperature. They are essentially due to the difference in the coefficients of thermal
expansion between the particle and the matrix. A gap that is too large delicate the adhesion between these two constituents
and consequently favors the initiation and propagation of fatigue microcracks.
Fatigue microcracks can start in one of these two constituents and their propagation leads to the ruin of the composite.
Interfacial cracks, responsible for disbanding, may be due either to poor mechanical bonding or to the existence of internal
shear stresses at the reinforcement-matrix interface that are too high.
In this work, we study the variation of the stress intensity factor (SIF) in the opening modes (mode I) and in the shearing
modes (modes II and III). Under the effect of the residual stress, a matrix crack, oriented, relative to the axis of the fibre,
propagates at the heart of the matrix, in mixed modes I, II and III. Such a crack crosses the fibre-matrix interface by shearing
of its lips (modes II and III). The instability of the crack increases with the increment in the temperature of the elaboration
of the composites. Under the effect of the tension of putting into service of the composite, the crack of the matrix develops
in pure mode I and penetrates into the fibre by opening its lips. The propagation kinetics are strongly slowed when its front
approaches very proximity to the fibre-matrix interface, and then develops rapidly in the fibre. This behaviour is all more
accentuated as these tensions are stronger [1].
Using a simple cubic cell model with square reinforcement forms was developed to study its effect on the mechanical
properties of MMC. The objective is to calculate stress intensity factors KI and KII for cracks in the matrix and particles.
The results also show that the loading conditions and the inter-distance between two particles with two inter-facial cracks
have a significant effect on the stress intensity factors KI and KII, KIII [2].
In this study, the analysis of the residual thermal stresses of boron fibre reinforced epoxy matrix composite and the effect
of fibre inter-distance. The strongest constraints are located in the immediate vicinity of the interface. Its state and level,
radial stresses promote adhesion between the matrix and the fibre. The increase in the fibre fraction implies a reduction of
the internal stresses of the reinforcing material and its increase in the matrix. The interaction of two fibres, plays an important
role on the internal plane: in the matrix if low inter-distance implies an amplification of longitudinal stresses of about four
times and circumferential stresses of thirty times, and also leads a fall of the internal longitudinal stress in reinforcing
material. A reduction of the fibre–fibre distance implies a decrease in the amplitude of the induced fibre stress circumference
[3].
In the 1960s, Hashin and Shmuel [4] developed analytical models that predict the elastic thermomechanical properties of
perfect multi-phase materials: cohesive and free of damage. However, most of these materials have numerous micro-cracks
resulting from the thermal expansion disagreement between the phases involved. These micro-cracks, also called damage,
result from the thermal history, usually complex, of the material studied. These damages strongly influence the
thermomechanical macroscopic properties of these materials and can have a strong influence on their service life.
The present work concerns the numerical study by the finite element method of residual stresses in a metal matrix composite
reinforced by spherical particles (SiC). These composites are elaborate at relatively high temperatures. Their cooling (from
the working temperature to the ambient temperature), leads to the creation of residual stresses, the distribution and
amplitude of which are closely linked to the gap between the physical and mechanical properties of the matrix and the
particle. The first part is to highlight the effect of the crack inter-distance on the maximum residual stresses (in the matrix
and particle) and the second part presents the effect of crack size on the intensity factors of constraint KI, KII, and KIII.

MODEL USED

A

three-dimensional analysis by the finite element method has been developed for the simulation of maximum
residual stresses in the Al / SiC couple. The mechanical behaviour of the metal analysed is purely elastic. Fig. 1
shows the model of the structure composed of a matrix-particle assembly and the meshing used for the analysis of
the distribution and the level of the stresses in the vicinity close to the interface. Due to the symmetry of the studied
structure, only half of it has been considered and modelled (to reduce the calculation time). With a width crack a=10µm,
and inter-distance d=0.1µm. The calculation code used for this analysis is ABAQUS (6.11) Standard, using general purpose
C3D4 (a 4-node linear tetrahedral type element, 1 integration point, uses a linear shape function; this is first order element
of stress / displacement analysis; the number of elements is 52750). This element provides precise results only in general
cases with a very fine mesh [5]. The thermal cycle used for the calculation consists of heating at a given high temperature
up to 600°C followed by cooling to the ambient temperature of 20°C at a constant velocity.
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The internal stresses are a function not only of the deviation between the coefficients of thermal expansion of the matrix
and the particle, of the deviation between the temperature at which the thermoplastic deformation disappears and the
temperature at which it is formed, but also the modulus of elasticity and Poisson coefficient of the two constituents (particle
and matrix):
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The effect of internal stresses on crack behaviour is analyzed in terms of variation of the stress intensity factor in opening
modes (mode I) and shear modes (modes II and III).

Figure 1: Distribution of the residual stress of Von Mises d=0.1μm, a=10μm, T=300°C
Property
Material
coefficient of thermal
expansion (K-1)
Modulus of elasticity
(GPa)
Poisson ratio
Yield strength MPa

Matrix
Aluminum

Particle
SiC

23.4E-6

5.12E-6

70

408

0.3
275

0.2
0

Table 1: Mechanical and physical properties of the Materials used in the simulation.

RESULTS AND DISCUSSION

T

he results of the numerical simulations at for purpose study the influence of temperature variation and inter-distance
(d) between crack and particle on maximum residual stresses and stress intensity factors.
The numerical code "Abaqus 6.11" was valid by comparing the numerical results with those collected in the literature
[1, 2]. The Fig. 5 show the stress intensity factor values KI, KII, KIII. Which attest to the good agreement of the results with
a small gap.
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Effect of crack penetration on maximum stresses
The residual stresses on the surface of the matrix-particle junction are shown in Fig.2, which represents the Von Mises stress
distribution for the case (a=10µm, d=0.1µm and T=300°C). This stress is very important at the crack tip when propagating
to particle; it is of the order of 286 MPa. In the same direction, the effect of the very close crack of the particle on the stress
levels of Von Mises at the interface of the matrix and particle expressed in Fig. 2 which also shows a high stress concentration
approximately the crack tip and which extends to particle. It is should be noted that the maximum stresses in the particle
are at the bottom while those of the matrix are close at the bottom; this is mainly due to the interaction effect and difference
of the mechanical properties of the materials.

Figure 2: Crack-particle interaction (a=10µm, d=0.1 µm, T=300°C).

Level of maximum residual thermal stresses
Residual thermal stresses in a composite subjected to a thermomechanical load such as three-dimensional. The distribution
of the maximum residual stresses relative to the principal axes of a well-defined reference point, obtained by the finite
element method is illustrated in the Figs. 3 and 4 the distribution of maximum residual stresses in the matrix and particle
can be seen from these figures.
Analysis of the distribution of maximum residual stresses revealed that they are more intense in the centre of the junction
than at the edge. In addition, the interface can be easily identified as the interface most affected by these constraints. For a
best of this illustration of these results, the distribution of maximum stresses reported for the zones of the matrix to the
particle, according to the two positions.
Fig. 3 reports the variation in maximum residual stress as a function of the crack-particle inter-distance. We notice that
following this configuration, the particle is in compression and the matrix in tension. This behavior is due to the velocity of
cooling which is more in the matrix compared to the particle (αmatrix > αfibre). The interface on the matrix subjected to high
circumferential tension, mainly at the edge. In combination with compaction defects, this stress usually elicits radial cracks
in the matrix, which can significantly affect the material. On the other side in the particle, this constraint is more intense
than in the matrix, its amplitude is the same level as that radial, and remains almost invariable what that whether of the
interface-particle distance. The state of the stresses and their distribution in the particle, the analysis shows that the
composite material behaves like a homogeneous material. The state of the stresses and their distribution in the particle, the
analysis shows that the composite material behaves like a homogeneous material.
Figs. (3.a), (3.b), illustrate the variation of the maximum residual stresses recorded in the particle (SiC), the analysis of these
figures shows clearly that a proportionality between the maximum residual stress decrease, and the temperature. In addition,
there is an acceleration in the level of these maximum residual stresses by exceeding inter-distance (d=0.4µm).
For Fig. (3.c) illustrates the variation of the maximum residual stresses according to the direction S33Max, we note that the
maximum stresses increase progressively sensibly afield from the inter-distance that is to say (d = 0.4µm) contrary to the
centre. This observation explained by a low energy characterizing this zone.
Fig. 4 shows the variation of the maximum residual stresses generated in the three directions S11max, S22max, S33max of the
matrix as a function of the crack width. This figure shows that the residual stresses intensively localized at the matrix
interface. The level of these constraints progressively increases us near of the link interface. In the vicinity very near of the
interface, these residual stresses reach their maximum intensity. The maximum residual stress according to S11Max of about
three times S33Max.
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Figure 3: Level of maximal residual stress S11Max, S22Max, S33Max in particle following the path line (a=10μm, d=0.1 μm).

Figure 4: Level of maximal residual stress S11Max, S22Max, S33Max in matrix following the path line (a=10μm, d=0.1 μm).
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The effect of residual stresses on the intensity factor
The results obtained in this part of the work show that under the effect of residual stress, a crack, initiated in the matrix,
propagates in pure mode I when its front is located relatively far from the interface with the particle and in mixed mode I,
II and III when its front approaches this interface.
Fig. 5a shows that the residual tensile stresses in the matrix act as crack opening stresses. In Mode I, the stress intensity
factor values increase when the crack size passes through the interface at (d=0.1µm) and temperature. In the particle, the
residual stresses are in the form of compression stresses that act as the closing stresses of the crack.
In mode II, the crack tends to the interface and passes through the interface up to inter-distance (d = 0.1μm), beyond a size
the crack propagates in the particle is in pure mode I. The propagation kinetics is all the stronger as the composite is
elaborate at high temperatures the stress intensity factor is all the more important, as the temperature is high. The factor
intensity of stress parameter evenly distributed over the two crack fronts. Indeed, the values of the factors resulting from
these two points are identical and what is the temperature. The results shown in this figure show that internal stresses
promote crack instability in Mode II (Fig. 5.b).
Fig. 5.c shows the effect of temperature on the Mode III stress intensity factor resulting from the two cracking fronts. This
figure clearly shows that an increase in the working temperature leads to an intensification of this fracture criterion. We
noted however that the residual stresses favor the crack development in mode III. The values of this factor obtained in this
case are much more significant. This clearly illustrates that such a crack propagates in mode II and III shear mode and
essentially in mode III. Mechanical energy is repartee fairly in points A and B of the cracking defect.

Figure 5: Variation of the stress intensity factors in mode (I, II, III) as a function width of the crack

280

T. Nehari et alii, Frattura ed Integrità Strutturale, 54 (2020) 275-281; DOI: 10.3221/IGF-ESIS.54.19

CONCLUSION

T






his work, focused on the analysis of the thermomechanical behaviour of a composite cubic cell with a metal matrix,
is part of a very current scientific and technological context.

It should be noted that the maximum stresses in particle are at the bottom while those of the matrix are
near at the bottom; this is mainly due to the interaction effect and difference of the mechanical properties of the
materials. For a zero inter-distance, the increase in temperature gradient elicit the transformation of residual tensile
stresses to residual compressive stresses.
With regard to the S11max and S22max constraints, we note that the matrix supports the greatest load of these
constraints. The stresses S11max are three times significant in the matrix than particle. Reverse behaviour occurs for
the S22max.and S33max stresses, they are maximum in particle. The increase in temperature gradient decreases the
stresses.
It should also be noted that the effect of the inter-distance is significant for the low values of "d" and less than 0.4
μm for the two cases namely on the interface of the matrix and on the external area of the particle.
The growth of a crack initiated in the composite matrix Al/Sic perpendicular to the interface favours its instability
very strongly. Growth kinetics grow very rapidly as the crack tends towards the interface
For maximum residual stress at d=0.1µm and ΔT = 600°C. The difference in thermal expansion coefficient shows
that the crack is more unstable in three modes, and that the stress intensity factor values increase when the crack
size crosses the interface at the inter-distance (d=0.1µm) for all three modes.
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